systems may partly explain the link between early pubertal timing and vulnerability to mental health problems. This has previously been supported by findings of early pubertal timing influencing internalizing symptoms via its effect on the structure of brain regions involved in emotional processing (Whittle et al., 2012) . To date, there is extremely limited understanding of the relationship between adrenarcheal processes and affective brain function. A few studies have investigated the associations between DHEA and affective brain function in human adolescents or adults. For example, Goddings and colleagues (2012) found high DHEA levels to predict increased anterior temporal lobe activity for social>basic emotion processing in adolescent females. Sripada and colleagues (2013) found that in male adults, acute administration of DHEA affected activity in the amygdala, hippocampus, and anterior cingulate cortex (ACC), during implicit emotion processing. Activation in the left hippocampus was in turn associated with negative emotional response to stimuli. Although no similar studies have been done in children during the adrenarcheal phase, the existing studies support a link between DHEA and affect-related brain function.
Thus, no studies to date have explored the associations between adrenarcheal processes, emotional brain function and mental health, specifically during the adrenarchal transition.
Furthermore, no studies have investigated whether the timing of DHEA exposure during adrenarche affects emotional brain function and mental health problems. These are critical questions given that is no precedent for grouping children into different phases of adrenarche, DHEA levels were investigated as a continuous measure. Thus, DHEA levels were averaged across the two days and this average measure was used in subsequent analysis. Note that the correlation between DHEA measured at recruitment (not used in analyses) and average DHEA measured at scanning was high (Rho 0.714, p < 0.011). All DHEA values were log transformed due to their non-Gaussian distribution.
Physical Maturation. Tanner Stage was assessed via parent report of pubertal development using the Sexual Maturity Status line drawing instrument (Morris & Udry, 1980) .
BMI.
Two measures of height (to nearest 0.1 cm) and weight (to nearest 0.1 kg) were obtained and averaged, and used to calculate a body mass index (BMI) for each participant.
Statistical Analysis
Image Pre-processing. Images were processed on a Linux platform running MATLAB version 7 and using Statistical Parametric Mapping 8 (SPM8,www.fil.ion.ucl.ac.uk/spm/). Motion correction involved the alignment of each participant's time series to their first image using least squares minimization with a six-parameter (rigid-body) spatial transformation. Translation and rotation estimates (x, y, z) were required to be less than 3 mm or 3°, respectively, for all subjects. The realigned functional sequences were then co-registered to the participants' respective anatomical scans. As the brain structure of children differs from that of adults, spatial normalization was conducted using the 'DARTEL' (Diffeomorphic Anatomical Registration using Exponential Lie Algebra; (Ashburner, 2007) technique, rather than transformation to a standard adult template.
This involved first creating a study-specific T1 template, by segmenting the subjects' T1 images into grey matter, white matter, and cerebrospinal fluid, and warping them together in a series of iterations. This study-specific template was then warped to the Montreal Neurological Institute (MNI) standard template. Next, at a single-subject level, the individuals' echo planar images (EPI) were warped into MNI space using the deformation information from the previous steps. Functional images were then smoothed with a 6mm (full-width at half-maximum) Gaussian filter. All timeseries were routinely inspected for potential normalization artifacts.
Estimating Face Viewing Activation. Estimates of functional activation during each condition were obtained using block-design analyses. First-level (i.e., single-subject) whole-brain, linear regression analyses were conducted in SPM8, including motion parameters as covariates. A high-pass filter set at 128 seconds was used to remove low-frequency drifts of less than approximately 0.008Hz. Contrast images for each participant were generated, comparing each of the emotional face conditions (happy, angry, fear) to the calm face condition.
Emotional Face Processing and DHEA Levels. In order to assess the potential associations between DHEA levels and activation to emotional faces at the group level, participants' BOLD activation maps were included in second-level (i.e., group-based) random-effects analyses. These involved a design with run (first, second) as a within-subjects factor, including DHEA as the primary regressor of interest. Analyses were run separately for each of the emotion vs. calm face comparisons, and for the whole sample as well as separately for males and females, given our a priori hypotheses for differences in associations for each sex. Age and BMI were treated as nuisance factors in all analyses. Based on our a priori hypotheses that DHEA would be associated with activation in specific regions whose activity has previously been shown to be a) modulated by DHEA (Sripada et al., 2013) , and b) associated with emotional and behavioral dysregulation in children (Hulvershorn et al., 2011) , potential associations between DHEA levels and activation to emotional faces were explored using a region-of-interest (ROI) analysis. Our ROI mask included the following regions (defined by WFU Pick Atlas Toolbox (http://www.fmri.wfubmc.edu/; (Maldjian et al., 2003) ): bilateral amygdala, hippocampus, cingulate cortex, insula, dorsolateral prefrontal cortex (DLPFC, i.e., Brodmann's Area 46), and striatum. Correction for multiple comparisons was performed using Monte Carlo simulation. A corrected threshold of p < 0.05 (twotailed) was derived from a combined threshold of p < 0.01 for each voxel and a cluster size of > 146 voxels was determined using AlphaSim (Ward, 2000) , implemented in the SPM Rest toolbox (Song et al., 2011) . Input parameters to AlphaSim included 1000 iterations, a FWHM of 10mm, and a single voxel threshold of p < 0 .01.
Relationship with Psychiatric Symptoms.
Relationships between DHEA-related brain activation and psychiatric symptoms were explored for each of the significant clusters identified in For any significant cluster identified in analyses where activation was found to be associated with symptoms, mediation analyses were performed to investigate the possibility of an indirect association whereby brain activity mediates the association between DHEA levels and symptoms.
Mediation was tested regression analyses and a bootstrapping method to test the significance of the indirect (mediation) effect (Hayes, 2009). Bootstrapping generates an empirical approximation of the sampling distribution of the indirect effect statistic by repeated random resampling from the available data, and uses this distribution to construct bias corrected and accelerated confidence intervals. Five thousand resamples were taken and 95% confidence intervals were used. Significant mediation is indicated if the confidence intervals do not contain 0.
In order to increase confidence that any associations found were due to the timing of exposure to DHEA, rather than overt physical signs or early gonadarche, all analyses were re-run using Tanner stage as a nuisance factor.
Discussion
In this unique study of adrenarcheal timing, we found that male and female children with high DHEA levels for their age showed reduced cingulate cortex activation to emotional (angry, fear, happy) face stimuli. Furthermore, there were a number of female specific findings: in females higher DHEA levels were \ associated with reduced activation in the cingulate cortex (in response to all emotional faces), insula cortex (happy and fearful faces), striatum (angry and fearful faces), and DLPFC (fearful faces), and increased activation in the subgenual cingulate/ventromedial prefrontal cortex (happy faces). Higher DHEA levels were also associated with parent-reported externalizing symptoms in females, and this association was partly mediated by decreased posterior insula activity to happy faces.
Our findings are inconsistent with the only study to date to investigate associations between DHEA levels and neural response to 'basic' affective stimuli. Sripada and colleagues found that acute administration of DHEA in adult males was associated with increased rostral ACC and deceased amygdala and hippocampus activation to emotional faces. However, a number of methodological factors are likely to explain the discrepant results, including the age and gender distribution of participants, measure of DHEA (i.e., acute administration versus baseline levels), and type of fMRI paradigm. Our findings are largely consistent, however, with our hypothesis that early exposure to DHEA during childhood would be associated with brain function reflecting emotion dysregulation. Interestingly, early exposure to DHEA (particularly in females) was associated with a pattern of brain function more typically associated with externalizing as opposed to internalizing symptoms (Bellani et al., 2012) . Higher DHEA levels in females were also directly associated with higher parent-reported externalizing symptoms. These findings might suggest an association between early adrenarche in girls and externalizing problems via a dampening of brain responses to emotionally-laden stimuli. This idea is discussed further below in relation to the specific indirect effects of DHEA on externalizing symptoms found.
Across the whole sample (i.e., males and females), and consistent across all emotions, high DHEA levels were associated with lower activation in the mid-cingulate region. This finding is consistent with our hypothesis that relatively early adrenarche would be associated with a reduction of activation in prefrontal areas involved in emotional and behavioral regulation. The mid-cingulate has been ascribed a general role in evaluative functions (Etkin et al., 2011) , and more specific roles in emotion regulation, interoceptive processes and emotional appraisal, conflict, pain and empathy (Etkin et al., 2011) . As such, it is difficult to speculate about the specific meaning of the observed association. However, given that greater maturity (i.e., adulthood versus young adolescence) is associated with increased activation in this region during emotional face processing (Passarotti et al., 2009) , decreased activity associated with higher DHEA levels may reflect an immaturity of prefrontal control during affective challenge.
The most striking findings relate to female-specific associations between DHEA and brain activation to emotional faces (no associations between DHEA levels and brain activation were observed for males). Although the regions implicated and the direction of associations were not as expected (e.g., a positive relation between DHEA and limbic activation to negative faces was not observed), the general finding of sex specific results is consistent with hypotheses. This finding is also consistent with other research supporting a complex interaction between sex and pubertal hormones with respect to brain organizational processes, whereby male and female brains respond differentially to the impact of exposure to pubertal hormones (Peper et al., 2011) . However, it is of note that a study of brain structure found no sex differences in the association between DHEA levels and cortical thickness in a group of pre-pubertal children (Nguyen et al., 2013) . Further research is required to understand why during childhood, individual differences in DHEA levels may have an effect on female, but not male, emotional brain function.
In females, but not males, DHEA levels were negatively associated with insula activity for both fearful and happy faces. While the posterior insula was implicated in fearful faces, both anterior and posterior insula cortex were implicated in happy faces. The insula cortex is an important area for integrating emotional and homeostatic information to and from limbic and cortical areas. The insula can trigger and map bodily states, and represent the relationship between changes in the bodily states and the objects that elicited them (Bechara & Damasio, 2005) . It has been suggested that interoceptive information regarding the physiological condition of the entire body is received by the posterior insula which is then projected to the anterior insula for subjective evaluation of internal conditions (Craig, 2002; Critchley et al., 2004) . Further, connections between the insula and the mid-cingulate have been suggested to form a general salience and action system (Taylor et al., 2009) . That higher levels of DHEA were associated with reduced activity in both of these regions in females for happy and fearful faces might suggest a decreased ability to process bodily states associated with experiencing affect.
Higher DHEA levels in females were also associated with reduced striatal activity for fearful and angry faces, and reduced DLPFC activity for fearful faces. While caudate nucleus activation has been shown with negative affective stimuli in some research (Goldin et al., 2008) , increased striatal activation to happy faces is a more consistent finding, and it has been suggested that this activation might represent reward processing (Mende-Siedlecki et al., 2013) . Further, disorders marked by deficits in reward processing show decreased striatal activation to negative affective stimuli (Townsend et al., 2010) . As such, it is possible that reduced striatal activation to negative faces in females with high DHEA represents difficulties in reward-related processing.
DLPFC activation has been consistently implicated in the regulation of negative emotion (e.g., Goldin et al., 2008) . Decreased activity in this region has also been found during exposure to negative affective stimuli in disorders marked by deficits in emotion regulation (Lee et al., 2008; Townsend et al., 2010) . As such, it is possible that reduced DLPFC activation to fearful faces in females with high DHEA represents difficulties in the regulation of responses to fearful affective stimuli.
In addition to the negative associations described above, DHEA levels were positively associated with activation to happy faces in the subgenual and ventromedial prefrontal cortices in females. While activation in the subgenual prefrontal area has been predominantly seen in relation to negative affective stimuli, activation by happy faces and in reward paradigms has also been reported in healthy populations (Elliott et al., 2000a ) (Elliott et al., 2000b , suggesting that this region may play a specific role in positive emotional states. Activation in the ventromedial prefrontal cortex has been associated with reward processing and emotional decision making (Rushworth et al., 2011) . The significance of the current finding of an association between DHEA and activation in these regions to happy faces in females is unclear; however, the trend level association between ventromedial prefrontal cortex activation to happy faces and externalizing symptoms in females may provide some clues.
As mentioned above, in females, but not males, high DHEA levels were associated with high parent-reported externalizing symptoms. One study in animals suggests that DHEA may be important in influencing aggression, independent of testosterone levels (Soma et al.) . While a link between DHEA levels and aggression in boys has been more consistently documented, there is some evidence for a link in girls (Berenbaum & Resnick, 1997) . Further, premature adrenarche has been associated with increased behavioral problems in both boys and girls (Dorn et al., 1999b; Dorn et al., 2008) , although it is of note that our participants experiencing relatively early exposure to DHEA cannot be classified as undergoing premature adrenarche as it is usually defined. We found some evidence, albeit cross-sectional, that relatively early exposure to DHEA in girls may (independently of physical development [i.e., Tanner stage]) influence externalizing symptoms via its effects on posterior insula activation to happy affective stimuli. As noted above, the posterior insula is an important region for interoceptive processing, and therefore its decreased activation to happy faces may reflect a deficit in the processing of bodily states associated with experiencing positive affect, which may in turn have an effect on behavior. There is some evidence that externalizing problems may be associated with insula dysfunction in the processing of positive affective stimuli. For example, youth with a family history of substance use disorders have been shown to have reduced insula activity to happy faces (Cservenka et al., 2014) . Also, young females with conduct disorder have been shown to have reduced insula volumes in comparison to healthy females, and males with conduct disorder (Fairchild et al., 2013) . Given the cross-sectional nature of the finding, further research is required to establish the causal nature of the identified associations.
As alluded to, one limitation of our study is its cross-sectional design, which limits our ability to make assumptions about the temporal ordering of effects. Second, we attempted to measure adrenarchal timing by implementing a design that specifically selected individuals who were matched for age but differed in their exposure to DHEA. Although DHEA levels were correlated with age at the time of scanning (although not in the female sample), we controlled for age in all analyses, allowing stronger conclusions to be drawn about relative timing of exposure to DHEA (i.e., adrenarcheal timing). However, further research is needed that measures changes in measures over time, in order to more comprehensively investigate adrenarcheal timing and its relation to brain function. Third, although DHEA levels were not statistically significantly different between boys and girls in the current sample, other research suggests that the rise in DHEA levels characteristic of adrenarche may occur 1-2 years earlier in girls (Ducharme et al., 1976) . This difference supports our decision to examine associations separately for males and females.
However, it is possible that fMRI effects observed for females and not males may be partly attributable to females being more advanced in their adrenarcheal development. On a related note, it is important to emphasize that we did not formally test for sex differences in associations, and as such, while we can say that there are no statistically significant associations between DHEA and brain activation specifically for males, we cannot say that our female specific associations are statistically significantly different from those in males. Fourth, it is possible that the effects of DHEA on brain function may reflect the influence of some unmeasured variable. Predictors of adrenarche are far less well understood as compared to gonadarche, although there is some evidence for environmental (Ellis & Essex, 2007) and other influencing factors such as birth weight (Auchus factors on brain function. Fifth, only parent report of physical maturation was obtained. Future studies should also include self-report and physical exam to gain a potentially more accurate measure of physical maturation. Finally, due to the design of this study, we are not able to comment on the mechanisms of action of DHEA on brain function. Future research should investigate the meaning of the found associations at a more mechanistic level.
In conclusion, we found that relatively earlier exposure to DHEA was associated with decreased affect-related brain activity a) in the mid-cingulate cortex in the whole sample, and b) in a number of cortical and subcortical regions in female children. Relatively early exposure to DHEA in late childhood was also associated with increased externalizing symptoms in females, and this association was partly mediated by reduced posterior insula activation to happy facial expressions.
One interpretation of these findings is that early adrenarche might put children (particularly females) at risk for the development of psychopathology as a result of the effects of early DHEA exposure on affective brain function. However, it is also possible that existing psychopathology might affect adrenarcheal timing. Further longitudinal research is now needed to better understand the temporal ordering of these effects. 
